This work analyses a set of perhydrous coals (mainly composed of huminite/vitrinite maceral group) in order to determine the inter-relations between the hydrogen content and the modifications in the coal structure at a molecular level. The study involves the direct solid state characterisation of the coal combined with the analysis of representative fragments of the coal network obtained through flash-pyrolysis. The perhydrous character of the coals is not reflected either in the aliphatic hydrogen concentration (from FTIR data) or by the presence of straight-chain aliphatic moieties in the pyrolysates. This structural study shows that perhydrous coals contain mainly aromatic structures with 1-2 rings and a very small concentration of aromatic rings of large size. In agreement with this, phenol and alkyl phenols are the most prominent degradation products whereas other aromatic compounds (mainly benzene and naphthalene derivatives) are minor and probably evaporative compounds. The major structural elements in the samples studied are simple phenols with a preponderance of substituted para alkyl. The results obtained show that the processes of hydrogen enrichment affect the reactions of aromatisation and condensation. During the natural evolution of the perhydrous coals the transformations of the oxygenated functionalities in the lignin precursor seem to have taken place without the parallel structural reorganisation of the lignin framework responsible for the formation of polycyclic aromatic systems. As a result, the chemical structure of perhydrous vitrinites in coals is substantially modified with respect to that described in 'normal' coals. The results obtained also indicate that the source of hydrogen content and the effect that it has during the subsequent evolution process of the coals, affects the chemical structure of the perhydrous vitrinite and hence its properties and behaviour.
Introduction
Huminite/vitrinite macerals (usually the main coal components) are predominantly derived from the structural part of plants and, in general, they are deficient in hydrogen (type III kerogen). However, some vitrinites, called perhydrous vitrinites, are enriched in hydrogen, so that they resemble in some ways other types of organic matter, for example type II kerogen. Perhydrous vitrinites and perhydrous coals can originate through lipid incorporation within the biopolymers derived from lignin, cellulose or tannins. This incorporation and, therefore, the formation of perhydrous vitrinites is closely related to the redox conditions of the depositional environment and the degree of bacterial activity in the sediments [1, 2, 3, 4, 5, 6, 7, 8 and 9] . In other cases, the hydrogen enrichment of vitrinites is caused by impregnation of secondary bitumen from the surrounding environment or incorporation of oil-like substances from other sediments [10, 11, 12, 13, 14, 15, 16 and 17] . The formation of perhydrous vitrinites is also associated with the nature of the botanical precursors [17, 18, 19, 20, 21, 22 and 23] . Factors which contribute to the formation of perhydrous vitrinites are, therefore, diverse but, in all cases, the final result is a material with its physico-chemical properties substantially modified as compared to 'typical' vitrinite.
Perhydrous coals present strong anomalies in their petrological and chemical parameters related to both composition and rank [16 and 23] . The variation in hydrogen content in the huminite/vitrinite macerals is thought to play an important role in controlling reflectance values [24] . Thus, perhydrous vitrinites usually have a suppressed or abnormally low reflectance. Hydrogen-enrichment of vitrinite also affects the technological properties of coals. In particular, the peculiar behaviour of perhydrous vitrinites during heating should be mentioned, because pyrolysis is usually the basic process for coal conversion [25, 26, 27 and 28] . The anomalous properties and behaviour of perhydrous vitrinites are due to modifications in their chemical structure. It is assumed that hydrogen-enrichment of vitrinites affects the aromatisation and condensation reactions that took place during coalification [8, 16, 23 and 29] and in consequence the normal increase in their reflectance. Due to the significance of vitrinite reflectance in coal characterisation, as a rank parameter or paleogeothermometer, numerous studies which have focused on the suppression of this parameter have been carried out. Petersen and Vosgerau [15] have summarised the two main mechanisms put forward to explain vitrinite reflectance suppression. One of them refers to its perhydrous character caused by the initial hydrogen-rich vitrinitic precursor, whereas the other attributes the lowering in reflectance to bitumen-adsorption. The first mechanism is related to differences in the kinetics of the reactions involved in the increase in reflectance during coalification, and the second to the reduction in the rate of cross-linking and condensation of the aromatic framework due to bitumen adsorption. However, there is little information concerning the chemical-structural modifications of vitrinite or of the whole coal, as a result of the process of hydrogen-enrichment. In order to obtain such information a detailed structural study on these materials is required, which is not easy to obtain because of their analytical inaccessibility. In this context, the combination of a spectroscopic study of the solid material with the degradation of coal macromolecules into representative fragments is widely used in coal characterisation [30, 31, 32, 33 and 34] . Thus, it is possible to obtain information at a molecular level which complements the overall structural data from the spectroscopic analysis of the material in solid-state.
This work focuses on the study of a set of perhydrous coals in order to establish the interrelations between hydrogen content and molecular structure and explain their anomalous properties. This is accomplished by the direct solid state characterisation of the materials combined with an analysis of representative compounds from the degradation of the coal network. The study also includes an analysis of the organic soluble fraction of the perhydrous coals.
Selection of samples and analytical procedures

Main characteristics of the selected samples
Two groups of perhydrous coals (for which the huminite/vitrinite maceral group is the dominant component) of different age were selected. The first group was of Cretaceous age while the second is Jurassic. All the samples originated from drifted wood and subsequently accumulated in the depositional environment. They show the typical characteristics described for vitrain lithotype.
Cretaceous coals are naturally hydrogen-enriched coals because of the nature of their botanical precursors. These samples are denoted (Table 1) as TCV (coal of Albian age from the Teruel Basin, Spain) and UCV (Utah jet, coal of Turonian age from the Wayne County Basin in Utah, USA). The TCV sample was hand-picked from the number 4 coal seam of the Escucha Formation which is located in the underground Concepción Coal Mine (Teruel, Spain). This coal, originating in a delta-estuary depositional environment [35] , has its humotelinitic structure saturated with resinite and resinite-like substances resulting from resinization processes, which took place before its incorporation in the depositional environment [23] . The UCV sample was provided by Dr J. Quick from the Utah Geological Survey (Utah, USA) and studies carried out on this material have been reported by Traverse and Kolvoord [36] . Its origin is from wood (conifer wood, probably from the Taxodiaceous family) drifted by river currents and then deposited in marine sedimentary environments. Jurassic samples are denoted (Table 1) as: AJV (Spanish jet, coal of Kimmeridgian age from Asturias, Spain), WJVh and WJVl (Whitby jet, coals of Toarcian age from Whitby Basin, Yorkshire, England) and PGJV (coal of Lower Kimmeridgian age from the Peniche area, SW of Portugal). The AJV sample was hand-picked from a fresh coal seam. This coal originated from wood and was deposited in a transitional facies of a marine-continental sedimentary environment [37] . The origin and nature of its perhydrous character has been previously described [16] . The coal is located at the top of the Pliensbachian source-rock sedimentary series [38] . Impregnation and the adsorption of oils/hydrocarbons, generated and migrated from the Pliensbachian sediments was the process responsible for the hydrogen-enrichment of this coal [16] . The WJVh and WJVl samples were provided by the 'Richard Tayler Minerals' Company, England (UK). These coals, derived from fossil wood found in the Whitby Lias, correspond to the Araucaria species but are of a much larger size than those of the present day. The trees were carried away by rivers during floods, some of them reaching the sea. Decomposition of the woody material continued in a marine sedimentary environment under anaerobic conditions [39] . The properties of Whitby jet have been attributed to impregnation by hydrocarbons generated from the parent rock [11, 12 and 17] . The last selected perhydrous sample, PGJV coal ( Table 1) was provided by Dr D. Flores (University of Porto, Portugal) and Dr J. G. Prado (INCAR-CSIC, Spain). This perhydrous coal is also a jet but few data are available. It appears in an area in which the occurrence of lignite levels is common [40 and 41] . The depositional environment for this coal was probably a lagoon, shore-lake or shore swamp-like setting as demonstrated from faunal data [40] . It should be pointed out that the nature of the perhydrous character of the Whitby and Peniche coals has not been as clearly established as in the case of the AJV sample. According to the scarce data available in the literature, all of these coals are closely related to sediments or sedimentary series containing oil-shales or petroleum source-rocks. Thus, hydrocarbons, bitumens or oil-like substances could have migrated into the sedimentary horizons in which these coals are located.
Analytical procedures
An optical microscopy study was carried out with a MPV Combi Leitz microscope in reflected white light using oil immersion lenses (32×, 50× For the spectroscopic study (FTIR analysis) samples were prepared using the standard KBr pellet procedure for this type of material (coal:KBr mixture at a 1:100 ratio). For the semiquantitative analysis the spectra were normalised to 1mg (daf) cm −2 and the data given in the text are the average values of several determinations using different KBr pellets. Thus, any differences in grinding or weight between pellets are minimised. All of the absorbance spectra were recorded on a Perkin-Elmer 1750 and analysed following procedures described by Iglesias et al. [29] .
A soluble fraction from each coal was obtained using chloroform as a solvent, as described in Jiménez et al. [25] and the volatile fraction was analysed by means of GC/MS. The chromatographic study was carried out on a Hewlett-Packard HP 6890 gas chromatograph equipped with flame ionisation detection (FID) and the identification of the compounds was performed by means of GC/MS using a Finningan GCQ gas chromatograph equipped with mass detection. The experimental conditions used were the same as those previously reported by Jiménez et al. [44] .
The molecular characterisation of the perhydrous vitrinites was carried out through Curiepoint flash-pyrolysis-gas chromatography-mass spectrometry. The pyrolysis was performed at 610°C using a Varian Satum 2000 GC-MS equipment, with a 30 m×0.25 mm DB-5 column (film thickness 0.25 μm), coupled to a Curie-point pyrolyser (Horizon Instruments Ltd.). Approximately 100 μg of finely ground sample was deposited on a ferromagnetic wire, then inserted into a glass liner and immediately placed in the pyrolyser. The chromatograph was programmed from 40°C (1 min) to 300°C at a rate of 6°C min −1 . The final temperature was held for 20 min. The injector, equipped with a liquid carbon dioxide cryogenic unit, was programmed from −30°C (1 min) to 300°C at 200°C min −1 , while the GC-MS interface was kept at 300°C. The compounds were identified by comparing the mass spectra with those of the Wiley and Nist computer libraries and by mass fragmentography.
Results and discussion
Petrological characteristics of the perhydrous coals
Megascopically, the coals selected in this study are black, bright, with a glassy lustre, hard and compact showing conchoidal fracture. They are light-weight, easy to polish and with the exception of the TCV sample, they have no cracks.
The results from the petrographic analysis are shown in Table 1 and in Plate 1, Plate 2. In general, all the coals are characterised by a very low content of mineral matter. The Cretaceous samples, TCV and UCV, are composed of ulminite (humotelinite) as the dominant maceral with minor amounts of resinite (Table 1) filling the cell cavities, resinite being more abundant in TCV coal ( Plate 1a-e). Phlobaphinite was identified only in TCV [23] as a very scarce and non-fluorescent component of 0.31% reflectance, in cell cavities of ulminite. In both coals, ulminite has a very low reflectance value (0.23-0.24% respectively, Table 1 ) with a fluorescence that varies in intensity and colour from orange-brown in the TCV sample to dark red-brown in the UCV coal. Moreover, in the latter sample, ulminite shows different degrees of gelification but a very well preserved structure ( Plate 1c, e). In both coals, two types of resinite were detected in the cell cavities of botanical tissues mainly on the basis of their fluorescence colour which varies from a very intense yellow (most common) to an orange colour of low intensity. Exsudatinite [23] was also detected in fluorescence mode as a secondary and very scarce component of homogeneous orange colour.
The AJV and PGJV coals show similar petrographic composition (Table 1) . Both are made up of the huminite/vitrinite maceral group with ulminite (humotelinite) and phlobaphinite (humocollinite) macerals occurring in different proportions ( Plate 2a-c). Resinite was not detected in these coals. Ulminite has relatively well-preserved cell walls and cavities. These cellular cavities are filled with phlobaphinite. This component also occurs as segregations mixed with ulminite. The main differences between the two coals are that ulminite in the AJV sample shows an intense fluorescence [16] of orange colour whereas the ulminite in PGJV displays very weak fluorescence (red-brown colour of very low intensity). Phlobaphinite never shows fluorescence properties ( Plate 2b). This maceral is of variable size, greater in the case of the PGJV sample and frequently presents an irregular porosity. The reflectance values of ulminite and phlobaphinite in the PGJV coal (0.35 and 0.51% respectively) are clearly lower ( Table 1) WJVl and WJVh coals are composed of ulminite with different degrees of gelification (Plate 2d, e). Phlobaphinite is a minor component that fills cell cavities and shows the typical features described above ( Plate 2e and f). This component is more abundant in the WJVl sample ( Table 1) , but its reflectance is lower than in the case of the WJVh coal ( Table 1) . Traces of resinite inside cell cavities were also detected especially in WJVh coal ( Plate 2d). Resinite fluoresces with low intensity of dark brown colour. In the WJVl coal resinite shows an intense yellow colour. Ulminite in WJVl coal with a reflectance value of 0.22% is less evolved ( Table 1) , but its appearance is occasionally more homogeneous than in the case of WJVh and it exhibits a highly intense fluorescence of an orange-yellow colour. On the other hand, the highly reflecting ulminite (0.40% reflectance, Table 1 ) in WJVh is not fluorescent or it has a very low intensity dark brown colour in which the fluorescence of resinite can be observed. This coal reflects a higher degree of evolution but has a heterogeneous appearance and a porous texture in which botanical structures can be observed.
Global geochemical characteristics
Results from proximate and ultimate analyses for the perhydrous coals are given in Table 2 . The elemental composition of the WJVl sample is very close to that reported for the Whitby jet [45] and it shows higher values of hydrogen and volatile matter content than the WJVh coal. Assuming that the hydrogen content (or H/C atomic ratio) affects the vitrinite reflectance values greatly, the lower vitrinite reflectance obtained for WJVh with respect to WJVl ( Table 1 ) could be due, at least in part, to differences in hydrogen content. Table 2 . Results of the proximate and ultimate analysis, atomic ratios and parameters from Rock-Eval pyrolysis for the perhydrous coals All samples are characterised by an almost pure organic composition (ash content ≤3.1%, Table 2 ). The moisture content of the AJV, PGJV and WJVl samples is very low (1.7-2.0%, Table 2 ). Given the humic origin and petrographic composition of the coals, their position on the van Krevelen diagram [46] clearly reflects their perhydrous character ( Fig. 1a) . WJVl shows the strongest hydrogenated character (highest H/C atomic ratio) and WJVh seems to be the less affected by hydrogen-enrichment. The relative positions of the AJV and PGJV coals seem to be consistent with the values of phlobaphinite reflectance ( Table 1 ). The close position of the WJVh, PGJV and TCV samples ( Fig. 1a) suggests a similar degree of evolution for these coals despite the different values of vitrinite reflectance ( Table 1) . For TCV, such a position seems, therefore, to be closely related to its real degree of evolution (beginning of the bituminisation interval) [23 and 25] . Perhydrous coals are also characterised by a high volatile matter (52-73% daf, Table 2 ). The H/C atomic ratio and volatile matter content are closely interrelated ( Fig. 1b) and indicate a low degree of aromatisation/condensation. The volatile matter content of WJVh is the lowest of all the selected samples reflecting again its less pronounced perhydrous character.
The values of the carbon content (77-85% daf, Table 2 ) are high in comparison with other parameters (volatile matter content and vitrinite reflectance). The discrepancies between carbon content and vitrinite reflectance for perhydrous coals [16, 23, 25 and 36] are in this case shown in Fig. 1c . Here, the vitrinite reflectance values of the coals are plotted versus carbon content and compared with the values shown in the literature for different coalified woods [30, 31, 32 and 33] . Samples of coalified wood were chosen for comparison because they have a similar origin to the actual selected perhydrous coals (drifted wood) and also because all the samples are of the Mesozoic age. TCV, UCV and WJVl coals show very low values of vitrinite reflectance, typical of the lignite coal rank, whereas their carbon content is closer to samples of the subbituminous coal rank. For the AJV and PGJV samples the carbon content is more consistent with the values of phlobaphinite reflectance than with the extremely low values of the ulminite. Finally, the discrepancies between carbon content and vitrinite reflectance are less pronounced in WJVh than in the other samples. Given that this sample seems to be less affected by the process of hydrogen-enrichment, its value of vitrinite reflectance might be expected to be less suppressed.
The perhydrous coals show very low values of T max (Table 2) , the Cretaceous samples (TCV and UCV) having the lowest values. In the correlation between T max. and vitrinite reflectance [47] samples are located in the less evolved coals region ( Fig. 2) . For the TCV, UCV, AJV, PGJV and WJVh samples the correlation between these two parameters is good (r=0.92) but such a correlation is not found when WJVl sample is included. This is because the value of T max for WJVl is significantly higher than that found for TCV and UCV ( Table 2) . Table 1 were considered).
The S1 parameter normally indicates the amount of free hydrocarbons that there are in a specific sample [42 and 43] . In the case of perhydrous coals, this parameter might also indicate the amount of bitumen or oil-like substances in the microporosity of the coal matrix. This is certainly the case of PGJV and WJVl with high values of S1 (10.2-57.9 mg HC/ g sample, respectively) but it is not the case for the other two samples AJV and WJVh (2.9-3.5 mg HC/g sample). For these samples (AJV and WJVh) S1 values are similar to those of the UCV coal ( Table 2) . It is well known that some occluded aromatic hydrocarbons can only be released from the coal matrix after treatment at 350-400°C due to their restricted mobility [48] . The existence of strong interactions between the assimilated substances and the vitrinite matrix in AJV and WJVh is supported by the strong swelling of these samples (free swelling index of 5 and 5, respectively [16 and 28] ). Given the very low rank of these samples these F.S.I. values (Free Swelling Index) do not correspond to the development of plasticity, but are more likely due to the release of compounds from the huminite/vitrinite structure. The lower S1 values for AJV and WJVh ( Table 2 ) compared to the other coal samples suggest, therefore, chemical-structural differences in the substances occluded in the vitrinite network.
For the perhydrous coals the S2 values (Table 2) are high in all cases (≥250 mg HC/g sample). For the WJVl and WJVh coals, S2 presents the highest and lowest value respectively ( Table 2) , which corresponds to the different extent of the perhydrous character of these vitrinites. Furthermore, as was suggested above, in WJVh S2 might also be increased by the contribution of the hydrogenated compounds contained in the samples. Such an effect is also very likely to occur in the AJV coal [16] . A comparison of the S2 values with those of the H/C atomic ratio ( Table 2) for AJV, PGJV, TCV and UCV does not show a clear correlation between these two parameters. This suggests that the S2 peak from Rock-Eval could be affected not only by the high hydrogen content but also by the source of this hydrogen content. Fig. 3 shows the FTIR spectra of the perhydrous samples. The assignments of the different regions of the spectra are depicted at the top of the figure. The results from the semiquantitative analysis are shown in Table 3 . The spectra and data for the TCV and AJV samples previously reported [29] are also presented here for comparative purposes. It can be seen that the spectra from the UCV and WJVh/WJVl samples closely resemble those reported for the Utah and Whitby jets, respectively [12 and 36] . A quick look at the spectra (Fig. 3) is enough to distinguish the two groups of samples, Cretaceous (TCV and UCV) and Jurassic (AJV, PGJV, WJVh and WJVl). The main difference found is the intensity of the aromatic modes at 1500 and 815 cm −1 . Cretaceous coals show a higher intensity for these two bands than in the case of the Jurassic samples. The preponderance of the band at 815 cm −1 and the presence in coals of a clear absorption at 1500 cm −1 have been attributed to a lower degree of condensation/substitution of aromatic units [49, 50 and 51] . At the same time, the 1500 cm −1 mode is also affected by the nature and position of the substituents on the benzene ring [52] . This band arises from a mode in which the dipole-moment change is produced by the relative movements of the substituents on opposite sites of the ring, both moving in the same direction. This implies a preponderance of para-substitution which explains the relation between the intensity of this band (1500 cm −1 ) and that at 815 cm −1 (two and/or three adjacent aromatic CH groups). Furthermore, the reasonable correlation between the relative intensity of the 815 cm −1 mode (%815 in Table 3 ) and the O/C atomic ratio ( Table 2 ) given in Fig. 4a confirms the reported [53] relation between these spectral features (band at 1500 cm −1 and the relative intensity of the 815 cm −1 band) and the presence of para-alkyl substituted phenols as the major structural units in the perhydrous coals studied. Table 3 . FTIR data (arbitrary units) for the perhydrous coalsf Table 3 ) than the other samples (AJV, PGJV and WJVh). For the WJVl coal, however, the distribution of the aromatic hydrogen is much closer to that found in AJV, PGJV and WJVh than in the TCV and UCV samples. The low aromaticity of WJVl should be interpreted as a result of the higher aliphatic content in this sample than in the others. Aromaticity apparently agrees with the vitrinite reflectance values ( Table 1) . However, a comparison of the Har/Hal values for the perhydrous samples with the data from non-perhydrous coals [29] , depicted in Fig. 4b , shows in all cases higher values of Har/Hal than those expected for the values of vitrinite reflectance. For the AJV and PGJV samples aromaticity seems to be more consistent with the reflectance of phlobaphinite than with that of the ulminite (main component, Table 1) as is inferred through the linear correlation between Har/Hal and vitrinite reflectance (r=0.97 with phlobaphinite reflectance; r=0.83 with ulminite reflectance, Fig. 4b ). Furthermore, in the samples studied here the distribution of aromatic hydrogen ( Table 3 ) differs from that usually found in non-perhydrous coals [29 and 54] . The aromatic structures in non-perhydrous coals are mainly pentasubstituted (870 cm −1 mode) whereas in the perhydrous coal studied here the band at 815 cm −1 is the most prominent of the aromatic C-H out-of-plane bending modes. This indicates a preponderance of aromatic systems containing 1-2 rings with a very small contribution of large size aromatic rings [51] .
Spectroscopic study (FTIR)
The extent of the perhydrous character of the samples studied ( Table 2 , Fig. 1a) is not reflected in the intensity of the aliphatic C-H stretching modes (Hal in Table 3 ). Thus, the highest value for this parameter (Hal) was found for the samples with the more and less pronounced perhydrous character, WJVl and WJVh, respectively. This implies the existence of structural differences in the aliphatic moieties of the coals which could affect the extinction coefficients of the aliphatic stretching modes. The concentration of aliphatic hydrogen in the samples cannot, therefore, be estimated by merely measuring the intensity of the modes. Fig. 5 shows the chromatograms of the soluble organic fraction of the perhydrous samples and a list of the major compounds identified is given in Table 4 . Qualitatively, the TCV and UCV extracts are made up of the degradation products of terpene-type resinite as might be expected considering that resinite and resinite-like substances were significant components of these samples (Table 1) . Cadalene (peak L), a typical biomarker of resins is the major compound in both extracts. 1,6-Dimethylnaphthalene (peak F2) another typical biomarker of resins is, apart from 2,6-and/or 2,7-dimethylnaphthalene (peak F1), the most abundant isomer of C2-naphthalenes. The soluble organic fractions also contain a significant amount of C 15 H 24 alkylbenzene (peak H), identified as 1,3-dimethyl-1,2-hepthylbenzene ( Fig. 5 and Table 4 ). The largest m/z at 119 in the mass spectrum of this compound is consistent with an isoprenoid structure following by dehydrogenation [55] . Tetrahydronaphthalenes (peaks E and I) with a molecular weight of 174 and 188, respectively show a large M + -CH 3 fragment ion which suggests the presence of a gem-dimethyl group on the saturated ring. This kind of compound is believed to derive from bicyclic-sesquiterpanes [55] . Tetrahydroretene and retene (peaks S and V) are considered the result of the diagenetic aromatisation of abietic acid, a common constituent of conifers [56] . Finally, another compound probably related to terpenoid precursors is nonil-phenol (peak N). It is assumed that the cracking of triterpenoid compounds into sesquiterpenoids could produce long-chain phenols [57] . Table 4 for peak identification, * n-alkanes).
Composition of the volatile fraction (GC/MS analysis) from the soluble organic matter of perhydrous coals
The semi-quantitative data obtained from the chromatograms of TCV and UCV extracts are shown in Fig. 6a . For this figure, the peak areas of the major compounds in the chromatograms were measured and the relative proportions of the different components were also normalised to the largest peak in the chromatogram (cadalene, peak L in Fig. 5 ). In general terms, a higher proportion of compounds eluting before (after) cadalene in UCV (TCV) than in the TCV (UCV) soluble organic fraction can be observed. A higher preponderance of β-isomers of alkyl naphthalenes in the UCV compared to the TCV extract (see the relative contribution of 2-and 1-methyl naphthalene in Fig. 6a ) suggests a higher degree of evolution in UCV than in the TCV coal. However, possible differences in rank may not be the only explanation for the distribution of alkyl naphthalene derivatives. It is also possible that these compounds do not occur in proportions determined by thermodynamic control but by the isomers derived from the degradation of terpenoid precursors [58] . The latter explanation seems to be the most feasible. The increase in the relative proportion of 2-methylnaphthalene attributed to the thermal rearrangement of 1-methylnaphthalene occurs beyond 0.95% of vitrinite reflectance when the methyl groups show an enhanced mobility [59] . Such a degree of evolution disagrees with the optical properties (both in white light and in fluorescence modes) found for resinites in these samples. Thus, differences in the composition of the soluble organic fractions from TCV and UCV seem to be related to differences in the botanical precursors of these coals as well as in the physico-chemical conditions that existed in the corresponding depositional environments. The composition of the extracts derived from Jurassic coals: AJV, PGJV, WJVh and WJVl (Fig. 5) shows that they differ strongly in aliphatic content (n-alkanes). n-Alkanes were identified in the WJVl and WJVh samples whereas the nature of the AJV and PGJV extracts is entirely aromatic. n-Alkanes are very important constituents of the WJVl soluble organic fraction with a preponderance of these in the C 13 -C 17 range and a relative odd/even equilibrium typical of marine sedimentary environments as can be observed through the fragmentograms m/z 57 and m/z 99 given in Fig. 7a . The amount of n-alkanes in the WJVh extract is lower than in the WJVl sample and the relative proportion in the C 16 -C 23 range undergoes a drastic decrease in the WJVh extract (Fig. 7b) . n-Alkanes cannot be directly derived from lignin, the main biopolymer precursor of huminite/vitrinite (the major component of these coals). Consequently the presence of these compounds in WJVl and to a lesser extent in the WJVh extracts, indicates the incorporation of other components into the coal matrix. This finding agrees with the introduction of lipoidal or bituminous substances within the huminite/vitrinite structure during diagenesis, a hypothesis put forward to explain the properties of Whitby jet [11, 12 and 17] . Furthermore, the higher contribution of these compounds in the WJVl coal confirms the view that there was a larger incorporation of aliphatic material into this sample that could explain at least in part the low aromaticity (  Table 3 ) and the high H/C atomic ratio and S1 value ( Table 2) . With regard to aromatic compounds, the AJV, PGJV, WJVh and WJVl extracts contain the same families with a preponderance of naphthalene derivatives (Fig. 5 and Table 4 ). Fig. 6b shows there is a preponderance of naphthalene over alkyl naphthalene derivatives in the AJV sample. In the WJVh and PGJV soluble organic fractions there is also an important contribution of C3-alkyl naphthalene derivatives (peaks L) with a preponderance of 1,2,5-trimethylnaphthalene (peak L1). Fig. 6b also shows the naphthalene (peak E) to phenanthrene (peak S) ratio. In the AJV and WJVl extracts naphthalene predominates over phenanthrene and the highest value of this ratio is found for the AJV extract. In the WJVh sample, however, the amounts of naphthalene and phenanthrene are very close, whereas in the PGJV extract phenanthrene preponderates.
All of the samples show a clear preponderance of the most thermally stable configurations for the C1-and C2-naphthalenes [59 and 60] ( Fig. 5 and Table 4 ). However, the distribution of C2-naphthalenes in AJV extract is different to that found in the other extracts. In this extract 1,3-/1,7-dimethylnaphthalene (peak J2) clearly dominates in the volatile fraction, whereas in the other extracts the proportion of this isomer and 1,6-dimethylnaphthalene (peak J3) is very similar ( Table 5 ). The 2-methylnaphthalene to 1-methylnaphthalene ratio (Table 5) is similar for all the samples, and it is too high to be attributed to the rank of the coals [58] . A better explanation for such high values is that soluble fractions are mainly made up of the substances assimilated/adsorbed within the coal matrices. The differences found in the composition of the extracts derived from the Jurassic samples therefore show the different origin or nature of the substances which have been assimilated by the coal structure of these samples. Table 5 . 1,3-+1,7-dimethylnaphthalene to 1,6-dimethylnaphthalene and 2-methylnaphthalene to 1-methylnaphthalene ratios for the soluble organic fractions derived from Jurassic coals 3.5. Molecular characterisation of perhydrous coals (Curie-point flashpyrolysis-gas chromatography-mass spectrometry analyses) Fig. 8 shows the chromatograms of the flash pyrolysates derived from perhydrous coals and Table 6 provides an identification of the peaks. Except for the WJVl sample, the nature of the pyrolysates is entirely aromatic. In the WJVl pyrolysate traces of n-alkanes were detected through the fragmentogram m/z (57+71) as can be seen in Fig. 9 . This agrees with the composition of its extract described above (Fig. 5) . Fig. 8 . Chromatograms of the flash pyrolysates from perhydrous coals (see Table 6 for peak identification). Table 6 . Compounds identified from flash pyrolysis/gas chromatography/mass spectrometry for the perhydrous coals (for peak code see Fig. 8 ) Fig. 9 . n-Alkanes detected in the pyrolysate of WJVl coal (m/z 57+71 fragmentogram).
For all samples, the highest peaks in the chromatogram are 9 and 13 (Fig. 8) . The major contributor to peak 13 is 2,4-dimethylphenol ( Table 6 ). The formation of this compound is believed to occur in the transformation of catechol-like structures into phenolic structures which takes place, in a selective manner, during the coalification process from lignite to the subbituminous coal rank [30 and 33] . Peak 9 is due to the contribution of the m-and p-cresol isomers (Table 6 ) which are not separated in the chromatographic conditions used in this work. However, the infrared data which show a great contribution of para-substituted aromatic units in the raw coals, suggest that the major contributor to peak 9 is p-cresol. This is supported by the correlation between the intensity of peak 9 and the relative intensity of the 815 cm −1 mode in the infrared spectra of the samples (%815 , Table 3 ) shown in Fig. 10 . Fig. 10 . Relationship between the intensity of peak 9 (m-,p-cresol) in the chromatograms of the pyrolysates and the relative intensity of the infrared mode at 815 cm −1 in the perhydrous coals.
Oxygenated compounds constitute between 79 and 84% of the pyrolysates derived from perhydrous coals (Fig. 11a) . The phenol derivatives preponderate (47-56%). Alkenyl phenols/indanols and benzofurans are derived from phenols through secondary reactions [61] . Fig. 11b shows a good linear correlation between the proportion of oxygenated compounds (excluding the products from secondary reactions) in the pyrolysates and the O/C atomic ratio of the raw perhydrous coals. Chemical structural models for lignin-derived vitrinite [30, 31, 32 and 33] have shown that in the stage of the lignite coal rank there is a preponderance of methoxy-phenol and catechol derivatives and a minor amount of phenol derivatives. With the increase in rank the amount of phenol and alkyl phenols increases up to ca 0.6% of vitrinite reflectance [62] . In the pyrolysates from the perhydrous coals neither catechol nor methoxy phenols were detected ( Fig. 8 and Table 6 ), the amount of phenols in these pyrolysates being very close to that found in samples of subbituminous/high-volatile bituminous coal rank ( Fig. 11c) . Fig. 12a shows the contribution of phenol and alkyl phenols to the total amount of phenol derivatives in the pyrolysates. In all cases, phenol and the alkyl phenols from C1 to C3 dominate. TCV and UCV pyrolysates are characterised by a higher amount of phenol and cresol than the other pyrolysates (AJV, PGJV, WJVh and WJVl). According to data in the literature [32] , the increase in the degree of substitution of phenol derivatives in the pyrolysates might be related to the increase in rank from subbituminous to high-volatile bituminous. Thus, the values of the phenol and cresol to C2-C4-alkyl phenol ratio and that between p-cresol and 2,4-dimethylphenol, higher in the TCV and UCV pyrolysates than in the others (Fig. 12b and c) , indicate a lower degree of evolution for these perhydrous coals. The results obtained agree with the ligneous nature of the perhydrous huminites/vitrinites studied here. They also suggest that lignin in gymnospermous wood is their precursor. However, the results obtained by means of FTIR (clear absorption at 1500 cm −1 ) and those related to the composition of the pyrolysates for the perhydrous coals clearly show that the structural reorganisation of the aromatic lignin framework is retarded in these samples, particularly in TCV and UCV, with respect to the evolution of the oxygenated functionalities of the lignin. The increase in vitrinite reflectance has been associated with the structural reorganisation of the aromatic lignin framework [49] . Such reorganisation occurs parallel to the reactions involving oxygenated groups and the concomitant growth of polycyclical aromatic units has been related to the increasing intensity ratio of the aromatic stretching vibration at 1600 and 1500 cm −1 in the infrared spectra [49] .
Furthermore, the differences found between the TCV, UCV and WJVl pyrolysates derived from samples with very close reflectance values (Table 1 ) reflect the influence of the hydrogen and/or the source of the high hydrogen content on the evolution process. This influence is also found when the composition of TCV and UCV pyrolysates is compared with that reported for other perhydrous ulminites (huminites) [20] of similar origin and characteristics as TCV and UCV huminites. The ulminites A studied by Syskes et al. [20] have a lower degree of perhydrous character and in the corresponding pyrolysates methoxy phenols preponderate whereas in the TCV and UCV pyrolysates, these compounds are absent.
The contribution of aromatic hydrocarbons in the pyrolysates (Fig. 13a ) is low. The AJV, WJVl and PGJV pyrolysates show higher amounts of aromatic hydrocarbons compared to the others, the lowest value corresponding to the TCV pyrolysate. However, according to the real degree of evolution of AJV coal [16] a much higher contribution of alkylbenzenes in the pyrolysate might be expected [32] . Furthermore, taking into account the composition of the volatile fraction of the extracts ( Fig. 5) , it is likely that hydrocarbons in the pyrolysates derived from the assimilate substances (AJV, PGJV, WJVh and WJVl coals) and from the resinite (TCV and UCV samples) rather than from the coal matrix. In both extracts and pyrolysates derived from the Jurassic samples (AJV, PGJV, WJVh and WJVl) naphthalene derivatives preponderate. Similarly, cadalene was only identified in significant amounts in the TCV and UCV pyrolysates, the amount of this compound being higher in TCV than in the UCV pyrolysate ( Fig. 13a) . This result agrees with the presence and relative amount of resinite in the raw samples ( Table 1 ). Fig. 13b shows the good linear correlation between the contribution of the condensed aromatic hydrocarbons (naphthalenes, phenanthrenes and benzofluorenes) to the total amount of aromatic hydrocarbons found in the pyrolysates and the relative intensity of the aromatic mode at 870 cm −1 (isolated aromatic CH groups, see %870 in Table 3 ). This result shows the influence that the secondary substances incorporated into the coal matrix of the samples has on the amount of aromatic hydrogen and its distribution. The difference in the amount of hydrocarbons and their origin in the pyrolysates supports the hypothesis proposed concerning the nature of the perhydrous character of the raw materials. In UCV and particularly in the TCV pyrolysates, the small amount of hydrocarbons indicates that the perhydrous character and peculiar properties of these samples cannot be associated with the incorporation of lipoidal material within the byopolymers derived from lignin, cellulose or tannin. They are rather due to a modification of the botanical precursors, probably in both coals, as a result of the resinization process undergone by the original vegetal tissues. For the UCV coal this hypothesis is supported by the close similarity in the data discussed in this work and, in particular, the close resemblance between the composition of the pyrolysate of this sample and that of TCV. Resinization, typical of conifer woods [17 and 18] , also agrees with the botanical origin of Utah jet (family of the Taxodiaceae) proposed by Traverse and Kolvoord [36] . As a result of such modifications, the evolution of the precursor follows a different pathway to the one reported during normal coalification.
In the case of Jurassic coals the results confirm the view that all of the samples contain in their coal matrix secondary substances, derived from the postsedimentary transformations of other different organic materials, which were later incorporated into their structure. Data in Fig. 13a also suggest that the highest (lowest) amounts of these secondary organic substances must be present in the AJV and WJVl (WJVh) samples. The qualitative intensity of fluorescence observed in Jurassic samples seems to agree with the amount and type of aromatic hydrocarbons found in their pyrolysates. This result confirms the view that the fluorescence properties of the huminites in these samples are due to the assimilated substances. Artificial maturation studies [63 and 64] with special emphasis on the presence of hydrocarbons and polar compounds, have shown the important role of the reacting medium for obtaining accurate information about the coalification process. It is clear that the incorporation of this type of compound during the earlier diagenetic stages of organic evolution must have affected the coalification process. Furthermore, the effect of the subsequent evolution of a vegetal precursor modified by the presence of terpene type resinite or the presence of hydrocarbons (mainly naphthalene and phenanthrene derivatives and also normal alkanes) is expected to be clearly different. Thus the differences found between samples with very close values of vitrinite reflectance (TCV, UCV and WJVl) can be more easily explained.
Finally, in the pyrolysates derived from perhydrous coals organo-sulphur compounds were detected ( Fig. 8 and Table 6 ), but in a very low proportion. This agrees with the low amount of organic sulphur found in the elemental composition of the samples ( Table 2 ). Fig. 14 shows the good linear correlation between the organic sulphur of the elemental analysis and the amount of tiophene derivatives in the pyrolysates. 
Summary
The coals selected for this work are characterised by a perhydrous character of different origin. Besides the high H/C atomic ratio, the coals show a high volatile matter and carbon content, as well as abnormally low values of vitrinite reflectance. They contain aromatic structures with 1-2 rings, mainly para-substituted, with a very small contribution of aromatic rings of large size. The results of the FTIR and Py-GC/MS study show that the major structural units in these coals are simple phenols with a preponderance of para-alkyl substituted derivatives. Their pyrolysates exhibit the highly phenolic signature typical of lignin-derived material and the distribution of alkyl phenol derivatives suggests a similar pathway to that reported during normal coalification for the alteration of the oxygenated functionalities in the lignin precursor to the phenolic structures of subbituminous coal rank. Nevertheless, during the natural evolution of the perhydrous coals such transformations took place without the parallel structural reorganisation of the aromatic lignin framework responsible for the formation of polycyclical aromatic systems. Consequently, the values of vitrinite reflectance do not increase as might be expected in the diagenetic evolution of normal vitrinites. In addition to these general features, which are common for all of the perhydrous samples studied, clear chemical-structural differences between the huminites/vitrinites were found. These differences are mainly due to the source of the hydrogen content and the effect that it has during the subsequent evolution process of the coals. In spite of the different geological backgrounds of the coals, the results obtained make it possible to divide them in two groups: Cretaceous and Jurassic.
Cretaceous coals (TCV and UCV): perhydrous character due to the nature of the botanical precursors
The petrographical and geochemical data for these coals show a close similarity. The presence of exsudatinite, and the relatively similar optical properties for both coals suggest they have a similar degree of maturity. Like TCV, the UCV sample represents the beginning of the bituminisation interval but both coals have suppressed reflectance. The Cretaceous samples show a lower (higher) carbon content (O/C atomic ratio) when compared with the same parameters in the case of Jurassic coals. The aromaticity of the Cretaceous samples is also lower than that obtained for the Jurassic coals. Furthermore, in these samples a higher preponderance of para-alkyl substituted phenols is typical whereas the degree of substitution of the phenol derivatives in the pyrolysates is lower than in the other samples. All of these results agree with the low degree of evolution of the Cretaceous coals.
Concerning the composition of the pyrolysates, the incorporation of lipoidal material into the biopolymers derived from lignin, cellulose or tannin is discarded as the factor responsible for their perhydrous character and peculiar properties. It is rather due to a modification of the botanical precursors probably in both cases as a result of the saturation of the original vegetal tissues by resin (resinization of tissues). In agreement with this, the volatile fraction of the extracts is made up of the degradation products from terpene-type resinite. Slightly semiquantitative differences detected in the composition of the soluble organic fractions are probably related to differences in the botanical precursors of these coals and to the physicochemical conditions that existed in the corresponding depositional environment. The modification of the vegetal tissues by the presence of terpene-type resinite affected the evolution of the samples. It inhibits a normal increase in huminite reflectance and favours its suppression.
Jurassic coals (AJV, PGJV, WJVh and WJVl): perhydrous character related with the assimilation of highly hydrogenated secondary products
The characteristics and properties described for the Jurassic coals clearly show that they all contain secondary substances from the postsedimentary transformations of other different organic material in their coal matrix. The incorporation of these secondary compounds (mainly naphthalene and phenanthrene derivatives and also normal alkanes in the case of WJVh and particularly in WJVl coals) modifies the reacting medium in which the process of natural coalification takes place. This explains why the evolution pathway followed by these coals is different to that usually described for the natural coalification of non-perhydrous coals with an anomalous increase in vitrinite reflectance. The effect that the incorporation of the aromatic hydrocarbons has on the organic evolution must be different to that which occurred in the case of perhydrous coals produced by the modification of the botanical precursor. This is due to the different source that supplies the hydrogen, but especially to the different level of organic evolution in which the process of hydrogen-enrichment occurs, as is clearly shown in the differences found between the WJVl and WJVh, and TCV and UCV coals.
The extent of impregnation by secondary substances of Jurassic coals is not the same and differences in the nature of the assimilated compounds are also found, affecting not only the aliphatic material but also the aromatic compounds and the interactions between them and the coal matrices.
